A quantitative genetic analysis of male courtship behavior in Drosphila melanogaster was carried out. Heritabilities and genetic correlations were calculated from data collected from 330 father-son combinations. Only copulation duration had a heritability significantly different from zero. Copulation duration and fertility were related by a significant positive genetic correlation. A highly significant negative genetic correlation of copulation duration with courtship vigor (towards a virgin female) is possibly responsible for constraining further evolution of copulation duration in this population. It is noteworthy that genetic correlations between traits with low heritabilities were not detectable; practical and theoretical considerations concerning genetic correlations between traits with low heritabilities are discussed.
is expected to produce negative genetic correlations between pairs of adaptively significant traits (Falconer, 1981, p 300; Dickerson, 1955; Robertson, 1955; Rose, 1982) . This expectation arises from a consideration of selection acting on pleiotropic genes. Genetic variation for any two fitness characters will be depleted through the fixation of alleles that have positive effects on both characters and through the loss of alleles which have negative effects on both characters. The genetic variation which will remain must therefore be due to alleles at other loci which affect one trait positively and the other negatively. This general formulation applies to any two characters related to fitness.
There is a closely related expectation which specifies the particular classes of characters related through negative genetic correlation. This expectation arises from a consideration of the evolution of senescence in particular and of life history traits in general (Williams, 1957; Gadgil and Bossert, 1970; Rose, 1982) . The expectation is for a tradeoff between early and late life history characters. A recent review and evaluation of the data has shown considerable empirical support for this specific expectation (Reznick, 1985 ; see also Etges, 1982) , and progress has been made in the investigation of the physiological basis of this relationship .
The more general expectation of negative genetic correlation between any two fitness characters has not received such consistent support. There are several examples of negative correlations in economically important characters in plants and livestock (cf. Antonovics, 1976; Dickerson, 1955; Lande, 1982) and in fitness characters in nondomestic animals as well (Hegmann and Dingle, 1982) . But there are also some notable examples where there is no evidence of antagonistic pleiotropy or tradeoff (Mitchell-Olds, 1986; Arnold, 1981) .
The general expectation of negative genetic correlation depends upon the assumption of genetic variance arising from overdominant loci. If instead the genetic variance is due to rare recessives, the genetic correlation might be expected to be positive in sign (Falconer, 1981, pp. 306-307). Furthermore, the expectation was derived for characters which are under directional selection. There is no similar unambiguous expectation for the effects of stabilising selection on genetic correlations.
Thus, there is both empirical and theoretical motivation to investigate the genetic correlational structure of characters related to fitness. The Virgin males and females were collected every other week from the stock minimal-inbreeding cultures and were allowed, at 3 to 5 days of age, to mate at random in a small population cage. Virgin males and females to be tested were collected from the one-generation population cage cultures, and were thus random-bred for one generation before testing. All flies were maintained at 25°C and were on a 12:12 light cycle throughout the culturing and test period.
All flies were 3-day-old virgins at the time of first testing. One male and one female were aspirated into a plexiglass observation chamber (3 cc) and the following data recorded: latency to initiate courtship (LAGCOURT), time from first courtship to copulation (LAGCOP), copulation duration (COPDUR) , and the percentage of time in which the male engaged in any courtship behavior during the interval from the initiation of courtship to the beginning of copulation (VIGOR). If the time from first courtship to copulation was longer than for six of the seven variables argues against the existence of any differences in fathers' and sons' environments affecting the values of these variables. If differences in fathers' and sons' environments have affected copulation duration, the heritability of COPDUR is probably larger than the estimate obtained from these data. The matrix of phenotypic correlations among fathers' scores is shown in table 2. The pattern of covariation in this matrix was explored with principal component analysis, the results of which are shown in table 3. The first three principal components (PC's) each had eigenvalues greater than 1.0 and together explained 58 per cent of the variation in the data set. The variables VIGOR and LAGCOP load heavily on the first PC. The loadings are opposite in sign, making this PC a consistent representation of courtship towards a virgin female, since high VIGOR and short LAGCOP would both be expected to contribute to fitness. Similarly, the variables 2ND LAGCOURT and 2ND VIGOR both load strongly, with opposite sign, on PC2, which thus represents courtship towards a mated female. and FERTILITY load highly on PC3, which represents copulation and sperm transfer. The variable LAGCOURT loaded fairly evenly on all three components. Because this analysis was done without rotation, these PC's represent relatively independent patterns of variation; for instance, a male's courtship activity towards a mated female was relatively independent of his courtship activity towards a virgin.
Heritabilities are shown on the diagonal in Because of all the zero correlations in this matrix, the matrix itself represents independent patterns of variation, and there is no need to (in fact, it is not possible to) factor this genetic correlation matrix.
For the purpose of calculating environmental correlations, the two genetic correlations in table 4 which are greater or less than 1 or -1, respectively, had one standard error subtracted or added, so that their values fell between 1 and -1. Environmental correlations are shown in table 5. Principal component analysis was carried out on this matrix, yielding four factors with eigenvalues greater than one, which together explained 73 per cent of the variation in the data set. The factor pattern, shown in table 6, is very similar to that of the matrix of phenotypic correlations. The first PC represents courtship towards virgin females, and PC2 represents courtship towards nonvirgin females. Finally, COPDUR and FERTILITY here appear to be somewhat more independent than in the phenotypic analysis, with COPDUR loading more on PC3 and fertility more on PC4. (table 6 ). There was no consistent relationship between the courtship and reproductive characters measured and the environmental variables temperature, relative humidity and barometric pressure (data not shown). The next most obvious component of the males' environment that might be responsible for the patterns of covariation observed is the female. In this interpretation, that the virgin female with which the male was paired was either more or less attractive provides the dimensions of PCi, and likewise for the nonvirgin female with which he was paired the following day (PC2). Since the two females with which a male was paired were different individuals, it is reasonable that their degree of attractiveness should be relatively independent. That CODPUR and FERTILITY loaded together on PC3 in the analysis of phenotypes is probably due to the positive genetic correlation between them. In contrast, these two variables tended to load more independently in the analysis of environmental correlations, suggesting that they have little common environmental source of variation.
Some formulations are explicit in expecting negative genetic correlations in the context of low heritabilities (Robertson, 1955) . Others suggest that negative genetic correlation and large heritabilities should be coupled (Rose, 1982) .
Practically speaking, the form the equation for the genetic correlation (2) and for its standard error (4) suggests that it will be difficult to demonstrate significant genetic correlations for traits with low heritabilities (Robertson, 1959; VanVieck and Henderson, 1961) . The standard error involves he product of two heritabilities in the denominator, so as the heritabilities get small, the standard error gets very large. The genetic correlation itself also involves the product of two covariances in the denominator, making the estimate shift unreliably for traits with low heritability (Mitchell-Olds, 1986) . In the present study, standard errors for genetic correlations between traits with small Table 4 Matrix of heritabilities (on diagonal) and genetic correlations (rA, above diagonal). The S.E.s of genetic correlations are shown in parentheses, and the sign of the correlation, in terms of its effect on fitness is shown below that. No value is reported for any genetic correlation which was smaller than its standard error (Lofsvold. 1986; Sheridan and Barker, 1974; Nordskog, 1977; Mitchell-Olds and Rutledge, 1986 ). In what sense, then, could the existence of genetic correlations provide constraints on the long-term evolution of characters related to fitness? Genetic correlations that are due to linkage are clearly expected to be transitory; the possibility that pleiotropy itself may evolve should receive consideration. Pleiotropic effects of a single allele might evolve independently through the effects of modifier genes which influence the pleiotropic effects separately. If a pair of traits were both consistently subject to selection, constraints arising early in an evolutionary history might slowly be lessened through selection on such modifier genes. The end state for characters closely related to fitness would be low heritability and low genetic correlation. Only in the case of traits not consistently selected or not closely related to fitness, as is perhaps the case for CODPUR in this study, would selection be insufficient to overcome constraints imposed by negative genetic correlation. In the case of the specific prediction of negative genetic correlation between early and late life-history traits there may be some additional "inherently physiological" basis for the tradeoff (competing demands on finite resources) that could not be overcome in this way (Gadgil and Bossert, 1970) . Of course, if the behaviours measured in this study do not have substantial impact on fitness then we would not expect negative genetic correlations among them. A straightforward case can be made for six of the seven characters studied; the status of copulation duration as a fitness character is, however, arguable. Perhaps variation in copulation duration above some minimum required for sperm transfer might have no impact on fitness.
Alternatively, if copulation were a hazardous activity (due, for instance, to increased risk of predation) or if long copulations were merely wasteful of time, then copulation duration might be under stabilising selection. Another caveat regarding the interpretation of these data is that the measured behaviours represent age-specific samples rather than life-time values of fitnessrelated activities. Resolution of these questions must await further study, and the current interpretation couched in terms of the assumption that the behaviors measured are adequate measures of fitness.
A final point for consideration is the origin and history of the population to be assayed for genetic correlations. have shown that introducing organisms into a novel environment has the effect of making genetic correlations less negative than they were in the familiar environment. They therefore advocate assaying organisms in the environment to which they are adapted. It also appears important to avoid the use of inbred lines, as inbreeding too can shift genetic correlations in a positive direction (Rose, 1984) . Hegman and Dingle (1982) emphasize the need to sample organisms from different environments so as to undertake a comparative study. The importance of assessing genotype-by-environment interactions and local adaptation is clear (Via, 1984; Mitchell-Olds, 1986) . The objective of assaying these parameters as they exist in natural populations is thus somewhat at odds with the need to have the population adapted to the laboratory environment in which it is to be tested. The population assayed in this report was kept in the laboratory for 1 year before testing began, and so has had opportunity to adapt to the laboratory environment. The minimal inbreeding procedures represent an attempt to maintain laboratory cultures under constant conditions that create minimal selective pressures. The goal of this method of maintaining a stock was to have the laboratory environment present minimal adaptive challenges to the population to be assayed, and in this way to allow local population attributes to be perceived.
